All members of the Paramyxovirinae have retained the open reading frame (ORF) for either or both of the accessory proteins, V and C, within the P gene during evolution (26). This finding had suggested crucial roles of the V and C proteins in a virus life cycle, although their roles had remained an enigma for a long time. Several lines of evidence have accumulated, however, demonstrating that the accessory proteins form a group of antagonists against the host immune system (9, 15-17). The Paramyxovirinae family contains three genera: Rubulavirus, Respirovirus, and Morbillivirus. The V protein of rubulavirus simian virus 5 targets a key factor, signal transducer and activator of transcription 1 (STAT1), on interferon (IFN) signaling for proteasome-mediated degradation, thereby inhibiting IFN signal transduction (1, 3, 6, 7, 33, 35, 48, 49) . The V proteins of other rubulaviruses, including human parainfluenza virus type 2, mumps virus, and simian virus 41 inhibit IFN signaling likewise by inducing a decrease in the STAT1 or STAT2 level (8, 25, 30, 31, 34, 35, 47, 49) . In contrast, the respirovirus Sendai virus (SeV), which possesses both V and C ORFs, has evolved functions of the C protein instead of the V protein so as to block IFN signaling (12, 18) . The SeV C ORF produces a nested set of four C proteins, CЈ, C, Y1, and Y2, which are referred to collectively as the C proteins (5, 14). Translation of CЈ, C, Y1, and Y2 initiates at different positions ( 81 ACG, 114 AUG, 183 AUG, and 201 AUG, respectively) and terminates at the same position (UAA 728 ). In addition to the C protein, the shorter forms, Y1 and Y2, have the ability to inhibit IFN signaling (11, 22) . The C protein, however, does not lead to degradation of any component on the signaling pathway in most cell types (12, 18, 24, 42, 49) except for NIH 3T3 mouse embryo fibroblast (MEF) cells (10, 11). The purpose of the present study was to better understand how the SeV C protein inhibits IFN-␣ signaling without degrading cellular proteins on the signaling pathway.
All members of the Paramyxovirinae have retained the open reading frame (ORF) for either or both of the accessory proteins, V and C, within the P gene during evolution (26) . This finding had suggested crucial roles of the V and C proteins in a virus life cycle, although their roles had remained an enigma for a long time. Several lines of evidence have accumulated, however, demonstrating that the accessory proteins form a group of antagonists against the host immune system (9, (15) (16) (17) . The Paramyxovirinae family contains three genera: Rubulavirus, Respirovirus, and Morbillivirus. The V protein of rubulavirus simian virus 5 targets a key factor, signal transducer and activator of transcription 1 (STAT1), on interferon (IFN) signaling for proteasome-mediated degradation, thereby inhibiting IFN signal transduction (1, 3, 6, 7, 33, 35, 48, 49) . The V proteins of other rubulaviruses, including human parainfluenza virus type 2, mumps virus, and simian virus 41 inhibit IFN signaling likewise by inducing a decrease in the STAT1 or STAT2 level (8, 25, 30, 31, 34, 35, 47, 49) . In contrast, the respirovirus Sendai virus (SeV), which possesses both V and C ORFs, has evolved functions of the C protein instead of the V protein so as to block IFN signaling (12, 18) . The SeV C ORF produces a nested set of four C proteins, CЈ, C, Y1, and Y2, which are referred to collectively as the C proteins (5, 14) . Translation of CЈ, C, Y1, and Y2 initiates at different positions ( 81 ACG, 114 AUG, 183 AUG, and 201 AUG, respectively) and terminates at the same position (UAA 728 ). In addition to the C protein, the shorter forms, Y1 and Y2, have the ability to inhibit IFN signaling (11, 22) . The C protein, however, does not lead to degradation of any component on the signaling pathway in most cell types (12, 18, 24, 42, 49) except for NIH 3T3 mouse embryo fibroblast (MEF) cells (10, 11) . The purpose of the present study was to better understand how the SeV C protein inhibits IFN-␣ signaling without degrading cellular proteins on the signaling pathway.
The main pathway of IFN-␣/␤ signaling consists of several components, IFN-␣/␤ receptor subunits (IFNAR1 and IF-NAR2), receptor associated kinases (JAK1 and TYK2), two STATs (STAT1 and STAT2), and IFN regulatory factor 9 (p48) (41) . Both STAT1 and STAT2 preassociate with the cytoplasmic tail of IFNAR2 in IFN-untreated cells (28) . Binding of IFN-␣/␤ to IFN receptor leads to aggregation of IFNAR1 and IFNAR2, causing the cross-activation of TYK2 and JAK1 (32) . TYK2 then phosphorylates IFNAR1 on Tyr 466 (4) , which serves as the docking site for the SH2 domain of STAT2 (45) . STAT2 binds to the docking site, followed by the phosphorylation of both STAT2 and STAT1. A current model proposed sequential activation of STAT2 and STAT1 in this order (28) . The tyrosine-phosphorylated (pY) STAT2-STAT1 heterodimer then translocates into the nucleus and combines IFN regulatory factor 9 (43) to form IFN-stimulated gene factor 3 (ISGF3) and activates transcription of IFN-stimulated genes (ISGs) by binding to IFN-stimulated response elements (ISREs). Two forms of STAT1-STAT1␣ and STAT1␤-are synthesized in cells. STAT1␤, which lacks the COOH-terminal 38 amino acids of STAT1␣, is a product of differential splicing (37, 39) .
The first important finding regarding a molecular basis for the SeV blockade of IFN signaling was the suppression of tyrosine phosphorylation of STATs, including STAT1, STAT2, and STAT3, in response to short-term (30-min) IFN-␣ stimulation at the early phase of infection (at 2 h postinfection [p.i.]) (24) . This suppression for STAT1 was also observed at the middle phase of infection (42) . Long-term IFN-␣ stimulation, however, caused notable elevation of the pY-STAT1 level, demonstrating incompleteness of the suppression of STAT1 activation (23) . Thus, the suppressive effect on STAT1 activation may contribute to the blockade of IFN-␣/␤ signaling but cannot explain entirely the blocking mechanism. It was also reported that serine phosphorylation of STAT1 was suppressed in infected cells (23, 49) . However, this cannot account for the mechanism as well, since serine phosphorylation of STAT1 is not required for transactivation function of ISGF3 (44) . Another important finding is the association of the C protein with STAT1 in infected cells (42) . Remarkably, under low-salt conditions, the C protein and STAT1 form a highmolecular-mass complex. It is likely that this C-STAT1 interaction is involved in the inhibition of IFN signaling, but no evidence has been provided so far for this hypothesis.
The present study was thus designed to explore roles of the STAT1-C interaction in the blockade of IFN-␣ signaling. To do this, we generated several C mutant proteins that retained or lost the STAT1-binding capacity. We show here a definite correlation among STAT1-binding capacity, the inhibitory activity for IFN-␣ signaling, and the inhibitory effect on STAT2 activation. Although all of the C mutant proteins that could bind to STAT1 suppressed activation of both STAT1 and STAT2 to greater or lesser degrees, the ability to inhibit the IFN-␣ response correlated well with the suppressive effect on STAT2 activation rather than STAT1 activation. In infected cells, tyrosine phosphorylation of STAT2 was indeed inhibited under any condition examined. From these results, we conclude that STAT2 activation process is a crucial target for SeV blocking mechanism for IFN-␣ signaling. The present study further provides evidence for participation of the C protein in this inhibitory process via the interaction with STAT1.
MATERIALS AND METHODS

Cells and virus.
HeLa and U3A (STAT1-deficient) cells were maintained in Dulbecco minimum essential medium supplemented with 10% fetal calf serum. SeV (SeVpB) was propagated as described previously (46) .
Plasmid constructs. DNA fragments encoding D1 (amino acids [aa] 85 to 204), D2 (aa 127 to 204), and D3 (aa 30 to 126), in addition to C (aa 1 to 204), Y1 (aa 24 to 204), and Y2 (aa 30 to 204) (Fig. 1A) , were amplified by PCR by using the cDNA clone H-33 (38) 728 TT ACTCTTGCACTATGTG-3Ј) were used for the PCRs for C, Y1, Y2, D1, and D2. Italics indicate nucleotide sequences that are not involved in ORFs. Restriction enzyme recognition sites are in lowercase. The D3 fragment was amplified with the Y2F primer and another reverse primer, D3R (5Ј-AAGCTT MluI acgcgt CTATTA 491 CGCCCAGATCCTGAGATACAG-3Ј). After digestion with BamHI and MluI, the PCR-amplified DNAs were once cloned into a corresponding site of the multiple cloning site in the Tet-off expression plasmid pTRE2 (Clontech). To generate a DNA fragment (C/FS) encoding the C protein with an amino acid substitution (Phe 170 to Ser), a single point mutation ( 622 T to C) was introduced by two-step PCR-based overlap primer extension as described previously (19) . Briefly, two DNA fragments with overlapping ends were generated from the pTRE2-C plasmid DNA as a template by using two sets of primer pairs Purification of GST-C mutant fusion proteins expressed in E. coli. GST-C mutant fusion proteins were expressed in E. coli (JM109 or BL21) transformed with the pGEX-C mutant plasmids by adding IPTG (isopropyl-␤-D-thiogalactopyranoside) at a final concentration of 1 mM. The cells in a sonication buffer (50 mM Tris-HCl [pH 8.0], 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT]) containing protease inhibitor cocktail (Sigma) were lysed by ultrasonic treatment. After the addition of Triton X-100 (final concentration, 1%), insoluble materials were removed by centrifugation. The lysates were then mixed with glutathione-Sepharose beads (Amersham Pharmacia Biotech) and incubated at 4°C for 1 h. After four washes with phosphate-buffered saline containing 0.5% Triton X-100, GST fusion proteins were eluted by adding the sonication buffer containing 14 mM glutathione. The eluate was dialyzed overnight in 50 mM Tris-HCl (pH 7.5)-5 mM MgCl 2 -100 mM NaCl-10% glycerol-5 mM 2-mercaptoethanol and stored at Ϫ80°C until use.
Preparation of a mammalian cell extract. Cells were lysed in an extraction buffer (10 mM HEPES [pH 7.9], 300 mM NaCl, 0.25% NP-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM DTT) containing protease inhibitor cocktail (Sigma) as described previously (42) . After centrifugation, the clarified supernatant was stored as the total extract at Ϫ80°C.
Binding assay with GST-C mutant fusion proteins or using His-C mutant proteins. The GST-C mutant fusion protein was mixed with glutathione-Sepharose beads and incubated for 1 h with gentle rotation. After centrifugation, the beads were further incubated with cell extracts at 4°C for 1 h. The beads were then washed four times with the extraction buffer. Bound proteins were eluted by adding sodium dodecyl sulfate (SDS)-gel loading buffer, separated by SDSpolyacrylamide gel electrophoresis (PAGE), and analyzed by Western blotting. For binding assay with Ni-nitrilotriacetic acid (NTA) beads and His-C mutant proteins, the established cell lines were lysed in a lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 0.25% NP-40, 5 mM 2-mercaptoethanol) containing protease inhibitor cocktail. After centrifugation, the clarified lysates (250 g) were incubated with Ni-NTA beads at 4°C for 1 h. The beads were then washed four times with the lysis buffer containing 20 mM imidazole. Bound proteins were eluted in the lysis buffer containing 250 mM imidazole and separated by SDS-7.5% PAGE for Western blot analyses.
Establishment of HeLa cell clones that constitutively express each of mutant C proteins and a U3A-ST1 clone that expresses hemagglutinin (HA)-tagged STAT1␣. To obtain cell lines expressing each of His-C mutant proteins, HeLa cells were transfected with either pEFneo-His-C, pEFneo-His-Y1, pEFneo-His-Y2, pEFneo-His-D1, pEFneo-His-D2, pEFneo-His-D3, or pEFneo-His-C/FS by using PolyFect transfection reagent (Qiagen) according to the manufacturer's protocol. At 3 days after transfection, media were replaced with those containing 0.8 mg of G418/ml. When colonies resistant to G418 became visible, 30 to 50 colonies were transferred into 24-well plates. About 30 clones per each transfection were tested for expression of the C mutant proteins by Western blot analysis with anti-RGS-His antibody. Three independent clones that exhibited high expression levels were stored in liquid nitrogen. To generate U3A-ST1 that expresses HA-tagged STAT1␣, U3A cells were doubly transfected with pEF-BOS-HA-STAT1 (29) (a gift from T. Hirano) and pcDNA3 (Invitrogen). A clone (U3A-ST1) that expresses HA-STAT1␣ was isolated from G418-resistant colonies as described above.
Reporter gene assay. Cells in a 24-well plate were transfected with pISRE-TA-Luc (0.5 g; Clontech) together with pRL-TK-luc (0.03 g; Clontech) by using Polyfect transfection reagent. At 20 h posttransfection, medium was replaced with fresh medium or medium supplemented with human recombinant IFN-␣-2a (1,000 IU/ml; Takeda Chemical Industries, Osaka, Japan) and incubated further for 6 h. Luciferase activities in the cell lysates were measured by dual-luciferase reporter assay system (Promega) according to the manufacturer's protocol. The relative activity was expressed by a ratio of firefly luciferase activity to renilla luciferase activity.
RESULTS
The C-terminal half of the C protein is responsible for the interaction with STAT1. We have recently found that the C protein physically associates with STAT1 in infected cells (42) . However, several questions have remained unanswered. What is the region responsible for the interaction with STAT1? Does the C protein interact with the other components on the signaling pathway? Is the C-STAT1 interaction really involved in the blockade of IFN-␣ signaling? To answer these questions, four C mutant proteins in addition to C, Y1, and Y2 were generated as GST fusion proteins ( Fig. 1A and B) . The D1 and D2 were N-terminally truncated Y2 fragments encompassing aa 85 to 204 and aa 127 to 204, respectively. The D3 was a C-terminally truncated Y2 fragment encompassing aa 30 to 126. C/FS was the C protein with a single amino acid substitution (Phe 170 to Ser). It was previously reported that this mutation resulted in loss of the anti-IFN ability (12) . The GST-C mutant fusion proteins were coupled to glutathioneSepharose beads and incubated with extracts from IFN-␣-treated HeLa cells. Each of the mixtures was divided into two fractions, supernatant and pellet fractions, by centrifugation. Proteins in the two fractions were then separated by the SDS-PAGE, followed by Western blot analyses with anti-STAT1 or anti-pY-STAT1 antibody. As shown in Fig. 1C , not only C but also Y1, Y2, and D1 could efficiently bind to both STAT1 and pY-STAT1 without the aid of the other viral proteins (Fig. 1C , lanes 2 to 5), whereas D2, D3, and C/FS could not (Fig. 1C,  lanes 6 to 8) . The binding did not appear to depend on the phosphorylation status of STAT1 because STAT1 was pulled down with similar efficiency from even IFN-untreated cell extracts (data not shown). These results demonstrated that the C-terminal half (aa 85 to 204) was responsible for the STAT1 interaction and further suggested that Phe 170 at the C-terminal half was an important residue for maintaining the integrity of the STAT1 binding structure.
Establishment of HeLa cell lines that constitutively express each of the C mutant proteins. To examine effect of these C mutant proteins on IFN-␣ signaling, HeLa cell clones constitutively expressing each of the mutant C proteins were isolated as described in Materials and Methods. To compare their expression levels to one another, the RGS-His epitope tag was appended to the N terminus of these C mutant proteins. The expression level of D2 was extremely low (Fig. 2A, lanes 7 and  9) , possibly due to its lability. Y1 was expressed the largest in amount (Fig. 2A, lane 3) , whereas the levels of C and C/FS were the lowest of all except for that of D2 ( Fig. 2A, lanes 1  and 2) . The expression levels of the other mutant proteins were comparable to one another ( Fig. 2A, lanes 4 to 6 and lane 8) . Expression of these C mutant proteins did not affect the STAT1 levels (Fig. 2B, ex) , confirming that the C protein did not target STAT1 for degradation. RGS-His-tagged proteins expressed in these cell lines were precipitated by using Ni-NTA agarose beads. STAT1 was coprecipitated with the C, Y1, Y2, and D1 (Fig. 2B , pt, lanes 2 to 5), indicating that the C, Y1, Y2, and D1 interacted with STAT1 in the established cell lines.
C-STAT1-binding is required for the inhibitory effect on the IFN-␣ response. We next examined effects of these mutant C proteins on the IFN-␣ response. To do this, we used a reporter plasmid, pISRE-TA-luc, in which the firefly luciferase gene is driven under the control of an IFN-␣-responsive promoter. The cells were transfected with pISRE-TA-luc and an internal control plasmid pRL-TK-luc, which contains the herpes simplex virus thymidine kinase promoter upstream of the renilla luciferase gene. At 20 h posttransfection, the cells were either treated or mock treated with IFN-␣ for 6 h. Relative levels of promoter activation were expressed as a ratio of firefly luciferase activity to renilla luciferase activity. In the cell line expressing either C, Y1, Y2, or D1 the activation of an IFN-␣-responsive promoter was suppressed (Fig. 3A) . In contrast, the cell line expressing either D2, D3, or C/FS responded normally to IFN-␣ stimulation (Fig. 3A) . Similar results were obtained from transient-expression experiments, in which the C mutant proteins without RGS-His tag were transiently expressed by transfection of HeLa cells with each of pEF-RGS-His tag minus C mutant plasmids, together with pISRE-TA-luc and pRL-TK-luc (data not shown). Thus, RGS-His tag did not affect the capability of inhibiting the IFN-␣ response. Second, ISGF3 formation was examined in these cell lines by EMSA (Fig. 3B) . The cells were treated or mock treated with IFN-␣ for 1 h and then lysed. The extracts were then subjected to EMSA with a 32 P-labeled ISG15 ISRE probe. As was expected, the ISGF3 formation was not observed in the cells expressing either C, Y1, Y2, or D1 (Fig. 3B, lanes 3 to 10) but seen in the cells expressing either D2, D3, or C/FS (Fig. 3B, lanes 11 to 16) . These results suggested that the C-STAT1 binding was required for the inhibitory effect on the IFN-␣ response. STAT1 is not only a key factor on IFN signaling but also one of ISG products (27) . As shown in Fig. 3C , IFN-␣-mediated elevation of the STAT1 level was suppressed in the C-, Y1-, Y2-, and D1-expressing cells (Fig. 3C, lanes 3 to 10) , supporting the conclusion presented above. It should be noted that the STAT1 level at 16 h after IFN-␣ stimulation in the cells expressing D1 was slightly but obviously higher than those in the cells expressing either C, Y1, or Y2. This reproducible result suggested that there existed signaling leak in the cells expressing D1 greater than that in the cells expressing either C, Y1, or Y2. The D1 thus appeared to be inferior to the C, Y1, or Y2 in the ability to inhibit the IFN-␣ response. Since the expression level of D2 was extremely low (Fig. 2A, lanes 7 and 9) , the possibility could not be excluded that the lack of the anti-IFN activity in His-D2-HeLa cells might be attributable to its low expression level. The ability to suppress STAT1 activation does not correlate with the inhibitory effect on the IFN-␣ response. The C protein suppresses tyrosine phosphorylation of STAT1 in immediate response to IFN-␣ (23, 42) . To determine whether this ability would correlate with the inhibitory effect on the IFN-␣ response, effects of the C mutant proteins on STAT1 activation were examined under the two conditions: short-term (1 h) (Fig.  4A ) and long-term (16 h) (Fig. 4B ) IFN-␣ stimulations. Tyrosine phosphorylation of STAT1 in response to short-term IFN-␣ stimulation was strikingly suppressed in the cells expressing either C, Y1, Y2, or D1 (Fig. 4A, lanes 4, 6, 8, and 10) . A little but noteworthy elevation of the pY-STAT1 level, however, was reproducibly observed in the C-and D1-expressing cell lines (Fig. 4A, lanes 4 and 10) . Long-term IFN-␣ stimulation caused moderate accumulation of pY-STAT1 in C-and C/FS-expressing cells (Fig. 4B, lanes 4 and 16) . The C and D1 were thus inferior to the Y1 and Y2 in the ability to suppress IFN-␣-stimulated tyrosine phosphorylation of STAT1. These results demonstrated that the suppressive effect on STAT1 activation did not strictly correlate with the inhibitory effect on the IFN-␣ response.
The ability to inhibit STAT2 activation correlates well with the inhibitory effect on the IFN-␣ response. A current model for the STAT activation in IFN-␣ signaling proposes sequential activation of STAT2 and STAT1 in this order (28) . Effect of the C protein on STAT2 activation would therefore be expected to be similar to the effect on STAT1 activation. At the early phase of infection, STAT2 activation in response to short-term IFN-␣ stimulation is indeed inhibited (24) . In contrast to the partial inhibition of STAT1 activation in the Cexpressing cells (Fig. 4, lanes 3 and 4) , STAT2 activation was, unexpectedly, completely inhibited by the C protein irrespective of duration of IFN-␣ stimulation (Fig. 5, lanes 3 and 4) . This complete inhibition was likewise observed in the cells expressing either Y1or Y2 (Fig. 5, lanes 5 to 8) , whereas STAT2 was normally activated in the cells expressing either D2, D3, or C/FS that lost the STAT1-binding capacity (Fig. 5A,  lanes 1, 2, and 11 to 16 ). Although the D1 strongly suppressed tyrosine phosphorylation of STAT2, minor phosphorylation leak was observed (Fig. 5A, lanes 9 and 10) . The leak of STAT1 and STAT2 phosphorylation in the D1-expressing cells could account for its incompleteness in inhibition of the IFN-␣ response. It should be noted that the C, which exhibited incomplete suppression of STAT1 phosphorylation and complete inhibition of STAT2 phosphorylation, effectively inhibited the IFN-␣ response. The capacity to inhibit STAT2 activation thus correlated well with the inhibitory effect on the IFN-␣ response. These results strongly suggested that the target of the C protein was the activation process of STAT2 rather than STAT1. The pY-STAT2 level reaches a peak 1 to 2 h after IFN-␣ stimulation and gradually decreases to the basal level (see Fig. 6A ). At 16 h after IFN-␣ stimulation, pY-STAT2 was undetectable in all of the cell lines under the usual exposure condition (data not shown). Even longer exposure hardly detected pY-STAT2 bands in the C, Y1, Y2, and D1 (Fig. 5B, lanes 3 to 10) , whereas faint bands of pY-STAT2 were often seen in HeLa cells and cells expressing either D2, D3, or C/FS (Fig. 5B, lanes 2, 12, 14, and 16 ). The pY-STAT2 Extracts from the cells were subjected to SDS-6.5% PAGE, followed by Western blot analyses with anti-pY-STAT1 (no. 9171) or anti-STAT1 (sc-464) antibody. band in C/FS was obscure in this figure (Fig. 5B, lane 16) , but a similar faint band was observed in another experiment.
To confirm that the STAT2 activation process is a crucial target for the blockade of IFN-␣ signaling, we next looked for IFN-␣-stimulated STAT2 activation in infected cells. Cells were infected or mock infected with SeV at a multiplicity of infection (MOI) of 10. At 2 h p.i., the cells were treated with IFN-␣ for various time periods, and their intracellular pY-STAT2 and pY-STAT1 levels were estimated by Western blot analyses (Fig. 6) . The levels of both pY-STAT2 and pY-STAT1 in mock-infected cells reached a peak ca. 1 h after IFN-␣ stimulation and gradually decreased to the basal level (Fig. 6,  mock) . In contrast, the pY-STAT2 level in infected cells retained below the detection level irrespective of duration of IFN-␣ stimulation, as expected (Fig. 6A, SeV) . On the other hand, tyrosine phosphorylation of STAT1 was suppressed for short-term stimulation but long-term stimulation caused marked elevation of the pY-STAT1 level (Fig. 6B, SeV) .
Involvement of the C-STAT1 interaction in the inhibition of STAT2 activation. Since the STAT1-binding capacity correlated with the inhibitory effect on STAT2 activation, it seemed very likely that the C protein would inhibit STAT2 activation through the STAT1 interaction. Indeed, Western blot analysis with anti-STAT2 antibody on the membrane used in Fig. 1C could not provide evidence for binding of the C, Y1, Y2, or D1 to STAT2 (data not shown), suggesting that the C-STAT2 binding, even if present, would be very weak. To check the possibility of the direct C-STAT2 interaction, the binding assay was performed by using GST-D1 and [
35 S]methionine-labeled HeLa cell extracts. GST-D1 was used instead of GST-C, GST-Y1, or GST-Y2 in this experiment, as well as the following experiments, because it was difficult to prepare large amounts of the latter three proteins, due to their lability. No specific band was observed except for a band, which migrated at the same position as STAT1 did (Fig. 7A, lane 2) . Since STAT2 (ϳ113 kDa) was not detected by this method, large amounts (ϳ1 mg) of unlabeled HeLa, (STAT1-deficient) U3A, and (HA-STAT1 ␣-expressing) U3A-ST1 cytoplasmic extracts were subjected to the binding assay with GST-D1 under the isotonic conditions and analyzed by Western blotting. In this experiment, the concentration of sodium chloride in the washing and binding buffers was reduced from 300 to 100 mM to detect weak interactions. Not only STAT1 but also STAT2 was coprecipitated with GST-D1 from HeLa cell extracts (Fig. 7B,  lane 2) , whereas the IFN receptor subunits (IFNAR1 and IFNAR2) and the receptor-associated kinases (JAK1 and TYK2) were not pulled down (data not shown). STAT2 was, however, present in extremely low amounts compared to STAT1 (Fig. 7B, lane 2) . Furthermore, no STAT2 was pulled down from STAT1-deficient U3A cell extracts (Fig. 7B , lane 5), whereas expression of HA-STAT1␣ in U3A cells restored the interaction of D1 with STAT2 (Fig. 7B, lane 8) . These results indicated that the binding of D1 to STAT2 was indirect and dependent on the presence of STAT1. Of the major factors associating with the IFN-␣/␤ receptor complex, only STAT1 seemed to be a component that directly interacted with D1.
To obtain more definite evidence for the involvement of STAT1 in the inhibitory process for STAT2 activation, we studied the effects of C protein on STAT2 activation in the absence of STAT1 by using U3A cells. U3A and U3A-ST1 cells were infected with SeV at an MOI of 10. At 6 h p.i., the cells were treated with IFN-␣ for 1 h. As shown in Fig. 8, STAT2 was tyrosine phosphorylated in response to IFN-␣ stimulation in U3A irrespective of infection (Fig. 8, lanes 1 to 4) , whereas tyrosine phosphorylation of not only STAT2 but also STAT1 was strikingly inhibited in infected U3A-ST1 cells (Fig. 8, lanes  7 and 8) . The C protein expressed in infected U3A cells was detected in almost the same amount as that observed in infected U3A-ST1 cells (Fig. 8, lanes 3, 4, 7, and 8 ). Thus, STAT1 had the ability to potentiate the inhibitory effect of the C protein on STAT2 activation.
DISCUSSION
Long-term IFN-␣ stimulation causes marked elevation of the pY-STAT1 level in SeV-infected cells (Fig. 6B) (23) . Furthermore, the suppressive effect on STAT1 activation was not observed when HeLa cells constitutively expressing the C protein were treated with a relatively high dose of IFN-␣ (3,000 IU/ml) (36). These results had suggested that the SeV C protein targeted the other process except for the STAT1 activation for the blockade of IFN-␣ signaling. The present study addresses this issue and reveals that the inhibition of STAT2 activation but not STAT1 activation is essential for the blockade of IFN-␣ signaling. The effects of the C mutant proteins on IFN-␣ signaling are summarized in Table 1 . There exists a definite positive correlation between the ability to inhibit STAT2 activation and the inhibitory effect on the IFN-␣ response. It should be noted that all of the original C proteins (C, Y1, and Y2) that are expressed in SeV-infected cells exhibit not partial but complete inhibition of STAT2 activation (Fig.  5) . Furthermore, this complete inhibition was also observed in infected cells (Table 1 and Fig. 6A ). These results strongly suggest that the C protein targets the activation process of (B) Cytoplasmic extracts were prepared by lysis of HeLa, U3A, or U3A-ST1 cells with a hypotonic buffer (10 mM HEPES-KOH [pH 7.9], 0.25% NP-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM DTT). After centrifugation, NaCl concentration of the clarified lysate was adjusted to 100 mM. Large amounts (ϳ1 mg) of HeLa, U3A, and U3A-ST1 extracts were subjected to binding assay with GST-D1 or GST. The hypotonic buffer containing 100 mM NaCl was used as a washing buffer. Bound proteins were separated by SDS-6.5% PAGE, followed by Western blot analyses with anti-STAT1 (sc-346) or anti-STAT2 (sc-476) rabbit antibody.
FIG. 8. STAT1
enhanced the inhibitory effect of the C protein on STAT2 activation. U3A or U3A-ST1 cells were infected or mock infected with SeV at an MOI of 10. At 6 h p.i., the cells were treated with IFN-␣ (1,000 IU/ml) for 0 or 1 h. Extracts from the cells were subjected to SDS-6.5% PAGE (or SDS-11% PAGE for analysis of the C protein), followed by Western blot analysis with anti-pY-STAT2 (no. 07-224), anti-STAT2 (sc-476), anti-pY-STAT1 (no. 9171), anti-STAT1 (sc-346), or anti-C antibody.
STAT2 rather than STAT1. Nuclear transport of pY-STAT1 generated by IFN-␣ stimulation was impaired in the presence of the C protein (36) . This impairment may be explainable by this complete inhibition of STAT2 activation, which is indispensable for STAT1-STAT2 heterodimer formation. The complete inhibition of IFN-␣ stimulated tyrosine phosphorylation of STAT2 in the presence of the C protein was not affected by treatment with a general phosphatase inhibitor, vanadate (unpublished result). Accordingly, it seems unlikely that the C protein activates a cellular phosphatase that may dephosphorylate STAT2.
The reporter gene assay showed that the ability of D1 to inhibit the IFN-␣ response was comparable to the abilities of C, Y1, and Y2 (Fig. 3A) . Consistent with this finding, the elevation of the STAT1 level as an ISG product (27) was indeed suppressed in C, Y1, Y2, and D1 (Fig. 3C, lanes 3 to  10) . Nevertheless, a slight but definite induction of STAT1 was reproducibly observed in cells expressing D1 after long-term (16 h) IFN-␣ treatment (Fig. 3C, lanes 9 and 10) . This discrepancy presumably resulted from a difference in the duration of IFN-␣ stimulation (6 h for the former and 16 h for the latter) in these two experiments and/or from a difference in sensitivity of these two methods. This intermediate induction of STAT1 is explainable by the generation of small amounts of the pY-STAT2 and pY-STAT1 as a signaling leak in the D1-expressing cells ( Fig. 4A and 5A, lanes 9 and 10) . ISGF3 complex, which must be present in the extract from the D1-expressing cells, appears to be present in too small an amount to be detected by EMSA (Fig. 3B) . The incomplete inhibition by D1 was unlikely to be due to its low expression level because the C protein, which was present in a lower amount ( Fig. 2A) , completely inhibited the IFN-␣ response.
A single point mutation from Phe 170 to Ser eliminated STAT1-binding capacity from the C protein and simultaneously causes abrogation of the inhibitory effect on STAT2 and STAT1 activation. This suggests that STAT1-binding capacity is essential for the inhibition of activation of not only STAT1 but also STAT2. Our binding assay could not detect direct interaction between D1 and STAT2 in the absence of STAT1 (Fig. 7B) . Instead, a small amount of STAT2 was found to interact with D1 in the presence of STAT1. These results indicate that the C protein is accessible to STAT2 via the interaction with STAT1. Stancato (40) . Although the conditions in the present study were similar to the harsh conditions used by Stancato et al., the results presented here may represent a preassociation of STAT1 with STAT2. Enhancement of the inhibitory effect on STAT2 activation by STAT1 (Fig. 8) and this STAT1-dependent STAT2 interaction strongly suggest that the C protein inhibits STAT2 activation via the interaction with STAT1. Nevertheless, the possibility cannot be ruled out that other cellular molecules besides STAT1 participate in this inhibition process because, at the late phase of infection, IFN-␣-stimulated tyrosine phosphorylation of STAT2 was completely inhibited even in U3A cells (unpublished results). This suggests that STAT2 activation is inhibited by the STAT1-independent process in the presence of a large amount of the C protein. On the other hand, STAT2 activation was completely inhibited even at 2 h p.i. (Fig. 6A) . At this very early stage, the C protein is produced in very small amounts. Therefore, the C protein may favor preassociated STAT1-STAT2-IFNAR1 complexes to free STAT1 for the interaction. Thus, the other unidentified molecules, if present, might play an important role in the recognition of preassociated complexes and/or STAT1-independent inhibition. More refined experiments are, however, needed to prove these possibilities because changes of intracellular milieu, as well as large amounts of other viral proteins produced in infected cells, might strikingly affect STAT activation process.
STAT2 and STAT1 preassociate with the cytoplasmic tail of IFNAR2 (Fig. 9) . Preassociation of STAT1 with IFNAR2 depends on the presence of STAT2 but not vise versa (28 701 . In the presence of the C protein, STAT1 can be partially activated without STAT2 activation (Fig. 4A, lanes 3 and 4; Fig. 5A, lanes 3 and 4) . The present study thus demonstrates that the C protein not only inhibits STAT2 activation but also disrupts this sequential activation process. How is STAT1 tyrosine-phosphorylated without the aid of pY-STAT2? The answer to this question may be linked to the elucidation of a molecular basis for the complete inhibition of STAT2 activation. Since STAT1, STAT2, and IF-NAR2 preassociate in IFN-untreated cells, binding of the C protein to STAT1 results in C-STAT1-STAT2-IFNAR2 complex formation. This complex formation possibly results in impairment of activation process of not only STAT1 but also STAT2 (Fig. 9) . At the early phase of infection, activation of TYK2 is partially inhibited (24) . Since the C protein did not interact with TYK2 directly, this inhibition may also result from the C-STAT1 interaction.
Garcin et al. initially underscored the specific importance of the AUG 114 -initiated C protein of the four C proteins (CЈ, C, Y1, and Y2) for blocking IFN-␣ signaling (12) . Later, these authors suggested that not only the larger forms (C and CЈ) but 
VOL. 77, 2003 STAT2 ACTIVATION PROCESS AS A TARGET OF SeV C PROTEIN 3367 also the shorter forms (Y1 and Y2) can inhibit IFN-␣ signaling (10, 11) ; however, only the larger proteins prevent establishment of the IFN-mediated anti-vesicular stomatitis virus (VSV) state (10) . In contrast, Kato et al. have presented evidence for the equal activities of the longer and shorter C proteins for the inhibition of IFN-mediated anti-VSV state, as well as IFN signaling (22) . In our established cell lines-His-C-HeLa, His-Y1-HeLa, and His-Y2-HeLa-IFN-␣-mediated induction of the anti-VSV state was strikingly inhibited (unpublished results), thus supporting the latter conclusion. Accordingly, conflicting views exist regarding the effect of the shorter proteins, Y1 and Y2, on the IFN-mediated anti-VSV state. Although it is unclear at the moment how the discrepancy has taken place, there is a difference between the results of Garcin et al. and the results of Kato et al. in the experimental strategy used. The former conclusion was drawn from experimental results achieved mainly with mutated recombinant SeV-infected cells, in which the anti-IFN ability of the mutant C proteins would be affected by many factors, including other viral proteins, autocrine IFN associated with infection, and the expression level of the mutant C protein at the time of IFN treatment. It is possible that these factors might have led to the discrepancy (16, 17) . In contrast to the STAT degradationindependent mechanism presented here, Garcin et al. emphasized the degradation of STAT1 in SeV-infected MEF cells as an SeV blocking mechanism for IFN signaling and attempted to find the common denominator between functions of SeV C protein and rubulavirus V proteins (10, 11, 13, 30) . Longer C protein-specific degradation of STAT1 in NIH 3T3 mouse MEF cells, however, appears to be a special case. Because the expression of the C protein did not cause STAT1 degradation in most cell lines, including four human cell lines (HeLa, U118, 2fTGH, and HEC1B) and one mouse cell line (BF) (12, 18, 23, 24, 42, 49) . During the progress of our research, two related studies were published. Kato et al. reported that a C deletion mutant that lacked N-terminal region (98 aa) retains the abilities to counteract the antiviral action of IFNs and to downregulate viral RNA synthesis (21) . Another study about the binding abilities of several mutant C proteins (13) suggested that the STAT1-binding region is mapped to the Y1 region and that the amino acid Phe 170 is important for the binding capacity. These results are basically consistent with the results presented here.
The C protein inhibits transcriptional activation of ISGs in response not only to IFN-␣/␤ but also to IFN-␥. When the C protein was expressed sufficient in amount, IFN-␥-stimulated tyrosine phosphorylation of STAT1 was not inhibited at all (23, 42) . This finding and the conclusions in the present study reveal that the blocking mechanism for IFN-␥ is totally different from that for IFN-␣/␤. Further analyses of the effects of the C mutant proteins on IFN-␥ signaling will provide important information regarding the molecular basis for the inhibition of the IFN-␥ response. 
